In the most widely accepted version of the cisternal maturation/progression model of intra-Golgi transport, the polarity of the Golgi complex is maintained by retrograde transport of Golgi enzymes in COPI-coated vesicles. By analyzing enzyme localization in relation to the three-dimensional ultrastructure of the Golgi complex, we now observe that Golgi enzymes are depleted in COPI-coated buds and 50-to 60-nm COPI-dependent vesicles in a variety of different cell types. Instead, we find that Golgi enzymes are concentrated in the perforated zones of cisternal rims both in vivo and in a cell-free system. This lateral segregation of Golgi enzymes is detectable in some stacks during steady-state transport, but it was significantly prominent after blocking endoplasmic reticulum-to-Golgi transport. Delivery of transport carriers to the Golgi after the release of a transport block leads to a diminution in Golgi enzyme concentrations in perforated zones of cisternae. The exclusion of Golgi enzymes from COPI vesicles and their transport-dependent accumulation in perforated zones argues against the current vesicle-mediated version of the cisternal maturation/progression model.
INTRODUCTION
The mechanisms of secretory transport through the Golgi remain an issue of debate. Several transport schemes are under consideration in the search for a new paradigm in the field of intracellular secretory transport (reviewed in Griffiths, 2000; Beznoussenko and Mironov, 2002; Elsner et al., 2003) . With the old vesicular model not able to explain the exclusion of most cargoes from COPI-dependent vesicles (Bonfanti et al., 1998; Beznoussenko and Mironov, 2002; Elsner et al., 2003) , the most favored model is now the cisterna maturation model. Here, material exiting from the endoplasmic reticulum (ER) converges toward the Golgi complex and forms a new cis-cisterna. The nonsecretory material (e.g., ER-resident proteins) is retrieved from the cis-Golgi into the ER, whereas at the same time the defining components of the medial compartment (e.g., medial Golgi enzymes) flow "backwards" into the cis-elements. The cis-compartment thus acquires medial Golgi features, and in effect becomes a medial compartment. This process repeats itself (the medial compartment becoming trans) until the cargo reaches the trans-Golgi network (TGN). Finally, the secretory material in the TGN is progressively released through the formation of secretory granules and/or vesicles, or via other mechanisms that consume the organelle. TGN-resident proteins then recycle back to the trans-Golgi, thereby transforming it into the next TGN ready for secretion. The essential characteristic of this mechanism is the maturation of the cisternae, with the consequence that cargo progresses through the stack. The main feature of the model is that Golgi enzymes concentrate in COPI-dependent vesicles, within which they then move backwards through the stack in synchrony with the progression of the cisternae.
Testing the current version of the cisternal maturation/ progression model of intra-Golgi transport has given conflicting results. Indeed, some authors have shown that coated (presumably by COPI) peri-Golgi round profiles, which were assumed to represent vesicles, contain the Golgi enzyme mannosidase (Man)II in vivo at concentrations similar to or higher than those in cisternae (Martinez-Menarguez et al., 2001) . Others, however, have reported the depletion of ManII in peri-Golgi round profiles (Orci et al., 2000) , and recently Cosson et al. (2002) showed a 3.2-to 4.9-fold level of ManII exclusion from peri-Golgi round profiles under essentially the same conditions as those used by Martinez-Menarguez et al. (2001) . Finally, in in vitro studies, small membrane fragments (again assumed to represent bona fide COPI vesicles) enriched in Golgi enzymes and and kept in the same solution for 60 min at room temperature. After this fixation, the cells were treated with 1% OsO 4 plus 1.5% potassium ferrocyanide in 0.1 M cacodylate buffer (pH 7.3) for 2 h on ice (all incubations before this step were performed at room temperature) in the dark and embedded in Epon 812. For immuno-EM, the cells were fixed with 4% formaldehyde and 0.05% glutaraldehyde for 10 min at 37°C and then postfixed for 50 min with 4% formaldehyde alone, at room temperature. After washing and a 20-min treatment with a blocking solution containing 1% bovine serum albumin, 50 mM NH 4 Cl, and 0.2% saponin, the samples were incubated with the necessary antibodies for 2 h. Primary antibodies were detected with monovalent Fab fragments of goat anti-rabbit IgG conjugated with HRP (Biosys, Compiegne, France) and subsequent diaminobenzidine (DAB) developed as described previously (Brown and Farquhar, 1989) . Then, the cells were postfixed with reduced OsO 4 , and embedded in Epon 812.
Correlative Light Electron Microscopy
COS7 cells were grown on CELLocate coverslips (MatTek Corporation, Ashland, MA) in DMEM supplemented with 10% fetal calf serum and 2 mM glutamine. The cells were initially fixed and prepared as for immuno-EM (see above). Then, before embedding, the samples were analyzed under the laserscanning electron microscope (LSCM), and the cell of interest underwent optical sectioning along the z-axis when its position within the coordinated grid had been determined. Next, the samples were incubated for 60 min with nanogold-conjugated Fab fragments of an anti-rabbit IgG (NanoProbes, Yaphank, NY) diluted in blocking solution (1:100) and then extensively washed and fixed with 1% glutaraldehyde in 0.2 M HEPES (pH 7.3) for 5 min. Gold particles were enhanced by GoldEnhancer (NanoProbes) according to the manufacturer's instructions. Routinely, the time of enhancement was ϳ4 -6 min. After osmium treatment (see above), the samples were embedded in Epoxy resin and polymerized for at least 24 h. The CELLocate coverslips were then dissolved with 40% hydrofluoric acid, and the samples were intensively washed with buffer and then distilled water. Finally, the cell of interest was sectioned tangentially. Sixty-nanometer serial sections were collected on slot grids covered with Formvar-carbon supporting film and examined at 80 kV in a Zeiss 109 electron microscope. The images collected by LSCM and EM were aligned with Adobe Photoshop, and the structure of interest was identified on the basis of its position in space and its labeling with colloidal gold. Cryoimmuno-EM labeling was performed according to Martinez-Menarguez et al. (2001) and Cosson et al. (2002) .
Serial Sectioning, 3D Reconstruction, and Electron Tomography
Thin serial sectioning and 3D reconstructions were performed as described previously (Mironov et al., 2001) . The analysis of samples by electron tomography was performed as described previously (Ladinsky et al., 1999; Mironov et al., 2001 Mironov et al., , 2003 . Briefly, thick (200-nm) sections of chemically fixed samples were covered with 10-nm colloidal gold. Next, automated data acquisition was carried out, as described previously (Mironov et al., 2001) , on a Tecnai 12 or 20 electron microscope at 120 or 200 kV (FEI/Philips Electron Optics, Eindhoven, The Netherlands) equipped with a slow-scan charge-coupled device camera (TemCam F-214, TVIPS, Germany) and a motorized goniometer. Finally, after alignment of the data stack by using the colloidal gold as marker and reconstruction with the IMOD program package (University of Denver, Denver, CO), 2-to 3-nm virtual slices were extracted from the tomograms and visualized. Object surfaces were rendered using the SUR-Fdriver and IMOD softwares.
Morphometry
The counting of labeling densities (LDs) and the subtraction of the backgrounds (LDs over mitochondria) were performed as described previously (Mayhew et al., 2003) , with minimal modifications. Briefly, we initially estimated the number of gold particles per micrometer of membrane length; then, round profile LDs were normalized with respect to cisternae LD as 100%. Round profiles were defined according to Misteli and Warren (1995) as being localized inside the Golgi zone of exclusion. We analyzed 50-to 60-nm round profiles because the actual Golgi vesicles have an average diameter of 52 nm (Marsh et al., 2001) . All 50-to 60-nm round profiles found in the Golgi area, i.e., inside the zone of exclusion, were defined as peri-Golgi round profiles, whereas round profiles located within 40 nm of the rim of a cisterna were defined as near-rimmal round profiles. Nonrimmal round profiles are thus represented by peri-Golgi round profiles minus near-rimmal round profiles. Elongated profiles (with a length to width ratio Ͼ1.5) also include a small fraction of round profiles Ͼ65 nm. In tangential thin sections, the absence of a translucent lumen served as the criterion for the classification of 50-to 60-nm peri-Golgi round profiles as vesicles (Morre and Keenan, 1994) . In thick sections, vesicles were defined as those round profiles that remained round during tilting of a section (ϩ60 to Ϫ60°).
RESULTS

Golgi Enzymes Are Excluded from 50-to 60-nm Peri-Golgi Round Profiles
Because previous studies (Martinez-Menarguez et al., 2001; Cosson et al., 2002) have been based on measurements of LDs of ManII in cryosections (see Materials and Methods), we first used this technique to determine whether ManII and other Golgi enzymes are indeed present in peri-Golgi round profiles. These peri-Golgi round profiles were defined (see Materials and Methods) as roughly circular profiles localized inside the Golgi area within the zone of exclusion, and with a mean diameter of 52 nm (Marsh et al., 2001) . Of particular note, although round profiles are generally considered to represent Golgi vesicles on cryosections, they also can result from cross sections of tubules or perforated rims, which are present in all cisternae (Ladinsky et al., 1999) . To test this possibility, we analyzed tangential sections of Golgi stacks in NRK cells after labeling with a polyclonal anti-␤-COP antibody (Ab; Pepperkok et al., 1993) , with the preembedding nanogold technique followed by gold enhancement (see Materials and Methods). As shown in Figure 1A , in tangential sections of cis-Golgi cisternae, the majority of gold particles marking the presence of ␤-COP (arrowheads) are situated over perforated zones of the cisternae. Almost no labeling of 50-to 60-nm vesicles (arrows; see definition in Materials and Methods) and the solid parts of cisternae (asterisk) is seen. Thus, the presence of a COPI-like coat is not a unique characteristic of COPI vesicles or buds.
Next, using cryosections, we assessed the distribution of endogenous galactosyltransferase (GalT) and STF in human fibroblasts, ManII in NRK and RBL cells, and ManI and ManII (full-length proteins) tagged with yellow fluorescent protein (FP; these fusion proteins localize and behave as the native proteins do; unpublished data) in COS7 cells transiently transfected with these constructs at steady state (i.e., without previous synchronization of cargo movement). Figure 1 , B-G, shows that in these cells at steady state, GalT, ManI-FP, ManII, and STF were labeled in Golgi cisternae with the expected distribution along the cis-trans axis (Rabouille et al., 1995) . In contrast, when we specifically examined the peri-Golgi 50-to 60-nm round profiles, we found that they were depleted of these enzymes. The LD of gold particles over buds with a visible COP-like coat (where the upper surface of the section passed through the center of the bud; Figure 1D ) was lower than that over cisternae. In particular, we examined 20 randomly selected round and bud-like profiles with a visible COPI-like coat ( Figure 1D ) and could not find gold labeling for GalT over any of them. The quantification in Table 1 confirms that the concentrations of the enzymes in round profiles (total population) are several (4-to 6)-fold lower than those of the corresponding enzymes over Golgi cisternae. An exception was ManII-FP in transfected COS7 cells, which was typically enriched in medial and trans-Golgi cisternae (unpublished data). Additionally, the enzyme was enriched in round profiles ( Figure  1 , C and G, and Table 1 ), which, as indicated above, consisted of cross sections of vesicles and tubules mostly of the noncompact zones, the highly perforated zones connecting cisternae of different stacks (Ladinsky et al., 1999) .
To confirm these data, we exploited immuno-HRP-based labeling combined with a preembedding protocol and serial sectioning. Figure 2 shows that most of the labeling for ManII ( Figure 2 , A-C) in RBL cells and GalT (Figure 2 , D and E) in human fibroblasts was localized within one (GalT), two, or three (ManII) cisternae close to the trans-side of the Golgi stacks, in agreement with previous reports (Velasco et al., 1993; Rabouille et al., 1995) . When labeling was seen in round profiles in the vicinity of ManII-positive ( Figure 2 , A-C, arrowhead) cisternal rims, serial sectioning demonstrated that these ManII-positive round profiles represented cross sections of the cylinder-like cisternal rims around pores located near the rims (near-rimmal) in perforated zones of the cisternae, rather than vesicles (see scheme in Figure 2G ). Bud-like profiles also were depleted of ManII ( Figure 2F, arrowhead ). An analysis of GalT in human fibroblasts yielded identical results, with no labeling present in round profiles (Figure 2, D and E). Because antibody penetration might depend on the detergent used for membrane permeabilization, different detergents (0.1% Triton X100, Figure 2I ; 0.2% Nonidet P-40; unpublished data) were used in addition to saponin, which was used in the aforementioned experiments. Despite the lower preservation of Golgi ultrastructure under these conditions, the exclusion of labeling for ManII from peri-Golgi round profiles was confirmed.
Given the above-mentioned information, an important issue at this point is what round profiles (as seen in sections) actually represent in three dimensions. Considering that most perforations of Golgi cisternae are located in the vicinity of the cisternal rims (Ladinsky et al., 1999) , many peri-Golgi round profiles might represent cross sections of these perforated zones (see scheme in Figure 2H ). Given the di-ameter of most perforations (ϳ40 nm), we have defined the round profiles located within 40 nm of the cisternal rims in these cross sections as perforated zones. To verify the validity of this criterion, we analyzed 50-nm serial cryosections of Golgi stacks from NRK cells (Figure 2 , J-M). Indeed, a substantial proportion (30%) of the round profiles located in the vicinity (within 40 nm) of the cisternal rims represented cross sections of tangential tubules and perforated zones of cisternae, rather than actual vesicles (Figure 2 , J-M) (most of remaining 70% represented true vesicles and vertical tubules). This problem might thus affect all estimations of LDs of Golgi enzymes Ͼ50to 60-nm vesicles based on cryogold immuno-EM labeling.
Next, to further test the enzyme depletion in actual 50to 60-nm vesicles, we applied an approach that is independent of antibody access to epitopes localized in the lumen of Golgi vesicles. NRK cells stably transfected with HRP-tagged STF (Stinchcombe et al., 1995; Jokitalo et al., 2001) were fixed with 1% glutaraldehyde, subjected to the HRP reaction procedure, and prepared for tomography. Note that the HRP method used does not suffer from permeabilization and most fixation artifacts (Stinchcombe et al., 1995) . As expected, STF-HRP was found in the trans-cisternae/TGN ( Figure 3A ). Figure 3 , B-F, shows that whereas in single virtual sections some STF-positive round profiles were visible (Figure 3 , D-F, arrows), these were cross sections of STF-positive tubules or perforated zones of cisternae ( Figure 3 , B and C). Similarly, no labeling of vesicles was seen in tangential sections of stacks (unpublished data). Moreover, there was no signal for STF in cisternal buds with a COPI-like coat (Figure 3 , G-I, arrows). These buds are present not only on the transmost cisterna but also on the medial one, indicating that these should not be clathrin coated, because clathrincoated buds have been seen to be present exclusively on the trans-most cisterna of Golgi stacks (Ladinsky et al., 1999) . As a positive control to be sure that this method can detect luminal molecules in vesicles, if present, we transiently transfected NRK cells with an ssHRP KDEL construct (Stinchcombe et al., 1995) . The presence of the KDEL receptor in COPI vesicles has been documented in vivo (Orci et al., 1997) and in vitro (Yang et al., 2002) . The cells were subjected to an identical procedure, and a clear signal was seen in bona fide 50-to 60-nm vesicles ( Figure  3 , J-L, arrows). Finally, we used the preembedding nanogold technique followed by gold-enhancement (see Materials and Methods) for the 3D labeling of GalT, ManI-FP, STF, and ManII ( Figure  4 , A-H). Gold particles marking these Golgi enzymes were seen over Golgi cisternae, as expected, but not over peri-Golgi round profiles (Tables 1 and 2 ). In tangential sections, a concentration of these Golgi enzymes (and especially ManII; Figure 4C ) was observed within perforated zones of Golgi cisternae. These samples also were examined in three dimensions in thick, 200-nm sections tilted from ϩ60 to Ϫ60 degrees at 1°increments while acquiring a series of consecutive projections (tilting analysis; see Materials and Methods). These tilt series were analyzed directly, without tomographic reconstruction, because shadows around the goldenhanced nanogold particles hamper the analysis of such reconstructions. This tilting analysis allows true vesicles (profiles preserving a round shape during the whole cycle of tilting) to be distinguished from other structures, and in particular the detection of vesicles labeled for ␤-COP ( Figure  4 , D-F). However, there were no gold particles marking the enzymes that colocalized with true vesicles (profiles preserving a round shape during the whole cycle of tilting; unpublished data), confirming that vesicles were not labeled. To bypass the membrane penetration problem and avoid the need for permeabilization, we used an antibody against the cytosolic tail of GalT. Again, gold particles were associated with cisternae and tubules, and not with round profiles (see Materials and Methods) and buds ( Figure 4A and Table 2 ). Thus, both the immunoperoxidase and nanogold preembedding techniques indicate the exclusion of Golgi enzymes from 50-to 60-nm peri-Golgi vesicles. In conclusion, several experimental approaches concur to indicate (F, arrowhead) . Some round profiles in the vicinity of the Golgi-enzyme-positive cisternae (C, arrowheads) seen in serial sections (A-C) as a cross section of perforated zones (see scheme in G). (F) Enlargements of areas indicated by the black box in B. After membrane permeabilization with 0.1% Triton X100 (I), ManII is still absent in round profiles (arrow), although the preservation of Golgi ultrastructure is poor. In H, a scheme shows how near-rimmal round profiles can derive from cross sections of the cylinder-like cisternal rim around near-rimmal pores (1) or from actual vesicles (2) in cross sections (1 and 2) or in tangential sections (3). In J-M, perforated zones analyzed by serial cryosections; a substantial proportion of the round profiles (arrowheads) located in the vicinity to cisternal rims seen as cross sections of tangential tubules or perforated zones of cisternae (arrows). Bars, 300 nm (A-C); 200 nm (D, E, I, and J-M); and 120 nm (F). that 50-to 60-nm peri-Golgi vesicles and cisternal buds with a COPI-like coat are depleted of Golgi enzymes.
Blockage of Membrane Fusion Does Not Lead to the Appearance of 50-to 60-nm Vesicles Filled with Golgi Enzymes
A possible reason for failing to observe COPI vesicles carrying Golgi enzymes would arise if there exists a subpopulation of peri-Golgi vesicles that contain Golgi enzymes but that is too transient to be seen using our traditional experimental setup. To overcome this problem, we reasoned that if COPI vesicles containing Golgi enzymes normally form, but fuse immediately with the acceptor cisterna, if fusion is inhibited, they should accumulate and hence become detectable. To block membrane fusion along the secretory pathway, we applied two approaches: microinjection of the His6-␣-SNAP (L294A) mutant, which is unable to disassemble SNARE complexes (Barnard et al., 1996; Band et al., 2001) ; and N-ethylmaleimide (NEM) treatment (Mironov et al., 2001) . First, NRK cells stably expressing STF-HRP were microinjected with the ␣-SNAP mutant, and then (20 min after microinjection) prepared for immuno-EM. Many 50-to 60-nm vesicles accumulated in the Golgi area, but they were depleted of STF-HRP after detection of STF with either DAB ( Figure 5A ) or nanogold ( Figure 5 , B and C). To allow morphometric analysis of a large cell population (where microinjection is not feasible), we blocked fusion by treating cells with NEM under well-characterized conditions (Mironov et al., 2001) . We then prepared cryosections and determined the concentration of GalT in the resulting vesicles ( Figure 5D ). As expected (Mironov et al., 2001) , Golgi round profiles increased in number to levels 2.5-fold higher than basal values (Table 3) , confirming that NEM had inhibited vesicle fusion. However, again, these peri-Golgi round profiles were depleted (4.5-fold) of GalT (Table 3) . Thus, we find no evidence for a transient subpopulation of COPI-coated vesicles that are rich in Golgi enzymes.
To test whether the 50-to 60-nm vesicles that accumulated in the Golgi area after microinjection of His6-␣-SNAP are COPI dependent, we blocked the COPI machinery by microinjection of an inhibitory polyclonal anti-␤-COP antibody that inhibits the formation of COPI vesicles (Pepperkok et al., 1993) and prepared these cells for correlative light-EM (Polishchuk et al., 2000) . We hypothesized that if the formation of 50-to 60-nm vesicles in the Golgi area is COPI dependent, then under these conditions (when the formation of COPI vesicles is inhibited) the simultaneous block of their fusion with cisternae would not affect their number. The anti-␤-COP antibody induced the expected tubulation of the Golgi (Pepperkok et al., 1993) and disappearance of 52-nm vesicles ( Figure 5F ). When His6-␣-SNAP was microinjected together with this antibody, 52-nm vesicles did not accumulate in the same way as seen when His6-␣-SNAP was microinjected alone ( Figure 5 , A-C, and Table 1) , and the structure of the Golgi was preserved ( Figure 5E ). Thus, 50-to 60-nm vesicles formed in the presence of His6-␣-SNAP or NEM are COPI dependent.
COPI Vesicles Generated in a Cell-free System Are Depleted of Golgi Enzymes
As noted above, small membrane fragments (assumed to represent bona fide COPI vesicles) enriched in Golgi enzymes have been isolated in vitro after incubation of isolated Golgi membranes with cytosol and GTP (Lanoix et al., 1999) . We assessed whether all of these small membranes represent COPI-dependent, 50-to 60-nm vesicles. First, we tested whether our control isolated Golgi membranes ( Figure 6A ) contained 50-to 60-nm vesicles. Electron tomography revealed that most of the round profiles ( Figure 6B , arrows) visible in single sections represented cross sections of tubules ( Figure 6C , white arrow). Then, using the same cellfree assay as that described by Lanoix et al. (1999) (with minor modifications; see Materials and Methods), we incubated Golgi membranes with cytosol, GTP, an ATP-regenerating system in a K ϩ -rich transport buffer containing Ca 2ϩ . Under these conditions, and especially when His6-␣-SNAP was added to the incubation mixtures, an accumulation of 50-to 60-nm vesicles (arrowheads) near cisternae (arrows) were observed ( Figure 6D ). To test whether this generation of 50-to 60-nm vesicles in the presence of His6-␣-SNAP is COPI dependent, we replaced normal cytosol with COPIdepleted cytosol. As expected (Misteli and Warren, 1994) , under these conditions most of the Golgi cisternae were transformed into tubular networks without vesicles, as visible after tomographic reconstruction ( Figure 6E ) and thin sectioning ( Figure 6F ). Incubation of Golgi membranes with COPI-depleted cytosol and His6-␣-SNAP partially prevented the tubulation of the Golgi (Figure 6G ). Addition of a cytosol fraction enriched in COPI to the COPI-depleted cytosol restored the generation of 52-nm vesicles in the presence of His6-␣-SNAP (unpublished data). Next, we isolated a similar light fraction of Golgi membranes (to that described by Lanoix et al., 1999 ) that on routine EM sections exhibited roundish profiles with diameters ranging from 40 to 150 nm and a high proportion of 50-to 60-nm round profiles (Figure 6 , H-P). Most of these were 50-to 60-nm vesicles, although at the bottom of the pellet (Figure 6H , left) the proportion of cisternal fragments, which often looked invaginated, was higher ( Figure 6 , I and J). In contrast, at the top of the pellet (Figure 6H , right, K, and L), the proportion of 50-to 60-nm round profiles was higher. When we isolated the light fraction after the use of COPI-depleted cytosol, we obtained a much less abundant light fraction that contained mostly short tubular fragments, and almost no 50-to 60-nm vesicles (unpublished data). The enzyme content of the various membrane fractions was then examined. Cryoimmunolabeling of the light fraction detected ManII mostly over cisternal fragments, and not Ͼ50to 60-nm vesicles ( Figure  6 , M-P). The level of ManII exclusion from 50-to 60-nm vesicles was ϳ2.6-fold (Table 4) , similar to our data obtained in situ (Table 1 ). The LD of ManII over cisternal fragments was 1.5 times higher than that over all Golgi cisternae in the initial isolated Golgi membranes (Table 4) . Thus, the 50-to 60-nm vesicles formed in a COPI-dependent manner in this cell-free assay are depleted of Golgi enzymes. To understand why Lanoix et al. (1999) obtained Golgi enzyme enrichment (per unit of membrane surface area) in the same light fraction, we compared the concentrations of ManII in the light fraction and in the original fraction of isolated Golgi membranes. To this end, we exploited two approaches. Initially, we measured the absolute volume of the vesicular pellet. Then, we estimated the absolute surface area of cisternal fragments and 50-to 60-nm COPI vesicles (see Materials and Methods). Our estimates revealed that the mean fraction of Golgi cisternae in the original Golgi membranes was 23%. To distinguish actual 50-to 60-nm vesicles from tubules of the same diameter, we used serial sections (Figure 6 , I-L); these revealed that ϳ40% of the 50-to 60-nm round profiles actually represent cross sections of short tubules. The LD of ManII over all membranes of the light fraction seemed to be twofold higher than that over all of the membranes of the original isolated Golgi fraction. The second approach was based on an assessment of ManII concentrations by using Western blotting. The optical density of blot staining per unit of surface area of all of the membranes was estimated from the integrated blot densities ( Figure 6Q) . Although, the latter are very similar, due to the different concentrations of Golgi cisternae (in the pellet of the original Golgi membranes) and their fragments (in the light fraction) the blot-density per unit of all-membrane surface area for the light fraction was 2.9-fold higher than that for the original Golgi membranes (1726 arbitrary units: 45.5 m Ϫ2 ϭ 37.9 ϫ 10 Ϫ6 arbitrary units ⅐ m Ϫ2 vs. 1328 arbitrary units: 102.2 m 2 ϭ 13.0 ϫ 10 Ϫ6 , respectively). Thus, our data confirmed once more that ManII is excluded from COPI vesicles forming in vitro, whereas it is enriched in the light fraction, in agreement with data by Lanoix et al. (1999) . However, we have revealed that this enrichment is not due to the concentration of ManII in COPI vesicles, but to the higher purity of Golgi membranes and vesicles, which are actually again depleted of Golgi enzymes, in the light fraction.
Golgi Enzymes Are Enriched in Perforated Zones of Cisternae
To examine whether the perforated zones of Golgi cisternae are sites of Golgi enzyme concentration, we first used tangential sectioning of Golgi stacks. The images generated from these sections contained not only the solid parts of the cisternae but also their perforated zones and tubules connecting neighboring stacks (Ladinsky et al., 1999) . These tangential sections demonstrated that intense labeling was often present in the perforated zones (mostly at the rims) of Golgi cisternae (Figure 4 , A-C). By using antibodies against either the luminal or the cytosolic domains of GalT with tangential sections, 50-to 60-nm vesicles (see Materials and Methods) were found to be depleted of GalT (Figure 4 , G and H, and Table 2 ). This confirms that bona fide vesicles exclude Golgi enzymes and suggests that Golgi enzymes are preferentially concentrated in perforated areas near the rims of the cisternae. Moreover, within a single cisterna, Golgi enzymes are more concentrated in the peripheral perforated areas than in the cisternal core.
Next, we examined whether the enzyme distribution depends on the functional state of the secretory system. To this end, cargo movement through the Golgi was synchronized. Human fibroblasts and RBL cells were infected with the 045 strain of VSV, with the human fibroblasts also being stimulated to synthesize PC (Mironov et al., 2001) . Cargo was then accumulated in the ER and then in the intermediate compartment, according to our previously described "smallpulse synchronization" protocol (see Materials and Methods). Just before initiation of intra-Golgi transport, the labeling density of GalT in tangential sections was much higher over the perforated zones than over the core of the cisternae; however, this difference was virtually abolished within 7 min of the release of the transport block (Table 2, cytosolic antibody).
Because it is difficult to examine tangential cryosections quantitatively, we set up methods to identify perforated areas of cisternae in cryo-cross sections (Figure 2 , I-N). To this end, we compared the distribution of gold particles over these perforated zones (cisternal rims with attached nearrimmal round profiles) with their distribution over nonperforated zones (cisternal rims without near-rimmal round profiles) ( Figure 7A ) both before and after the release of the transport block. Before the release (0 min), the average distance between gold particles and a rim in perforated zones was 112.6 nm, more than twofold less than in nonperforated zones (299.4 nm; p Յ 0.05), indicating that GalT was more concentrated near the cisternal rims, where the cisternal perforations were situated. After release of the traffic block, however, this difference was no longer significant (Table 5) , illustrating that the asymmetric distribution of GalT within a cisterna is lost upon release of the traffic block.
In an alternative approach, we divided cisternae along their length into three portions: one-fourth with attached near-rimmal round profiles, typical of the perforated zones; the middle one-half or cisternal core; and one-fourth without near-rimmal round profiles, typical of the nonperforated zones. We then estimated the LDs for GalT over these three portions. Table 5 shows that just before the release of cargo (0 min) from the intermediate compartment (where cargo accumulates during the 15°C block, according to the miniwave protocol; see Materials and Methods), the LD of GalT over perforated zones was 6.5-fold higher than that over the cisternal core and the nonperforated zones (281 vs. 43%) ( Table 5 ). The same measurement was carried out after the initiation of intra-Golgi transport, during the passage of a cargo wave through the stacks, according to the maxiwave protocol (7 and 18 min after the shift from 15 to 40°C; see Materials and Methods) . Under these conditions, the asymmetry in the GalT distribution along the Golgi cisternae decreased (Table 5 ). These data suggest once more that in quiescent Golgi stacks, Golgi enzymes are preferentially distributed in peripheral perforated areas of cisternae, whereas in stacks actively engaged in traffic, the lateral distribution of Golgi enzymes becomes more homogeneous within the cisternae.
Because previously published results were obtained in nonsynchronized cells (Martinez-Menarguez et al., 2001; Cosson et al., 2002) , we examined Golgi enzyme distribution in cisternae under steady-state transport conditions, i.e., when VSVG and PC were constantly moving through the Golgi (4 h after infection of human fibroblasts with tsVSV, incubated at 32°C in the presence of ascorbic acid). Under these conditions, there was also a clear asymmetry in the Golgi enzyme distribution within Golgi cisternae (Figure 7 , C-E), although it was less pronounced than that in resting cells in which transport was blocked. Thus, the distribution of Golgi enzymes under steady-state transport conditions represents an intermediate situation between quiescent Golgi (0 min) and maximal transport activity (18 min). As a final test for the asymmetric distribution of Golgi enzymes within Golgi cisternae, we assessed their LDs over near-rimmal round profiles located within 40 nm of cisternal rims, reasoning that if the perforated zones are enriched in Golgi enzymes, the LDs over near-rimmal round profiles should be higher than the overall LD of peri-Golgi round profiles. Table 1 shows that, indeed, the LDs of Golgi enzymes over these near-rimmal round profiles are almost always higher than the overall LD of peri-Golgi round profiles, and in some cases even higher than that over all cisternae. This means that concentration of Golgi enzymes in perforated zones of Golgi cisternae is so high that even the presence of 60% of actual vesicles (that are depleted of Golgi enzymes) in this mixture of peri-Golgi round profiles does not result in a lower mean concentration of Golgi enzymes than that in cisternae. Similarly, during synchronous transport of cargo through the Golgi, the LDs of GalT ( Figure 7B ) and ManII ( Figure 7C ) over the nonrimmal round profiles remained consistently low, whereas those over the nearrimmal round profiles, where Golgi enzymes have accumulated, decreased after the arrival of cargo. Clearly, if peri-Golgi round profiles are simply assumed to represent peri-Golgi vesicles, then the accumulation of Golgi enzymes in perforated zones under steady-state or resting conditions easily leads to a large overestimation of Golgi enzyme concentrations in COPI vesicles. These data suggest that Golgi enzymes are distributed asymmetrically along a cisterna, because they are concentrated in perforated zones at the rims of Golgi cisternae.
DISCUSSION
Golgi Enzymes Are Excluded from COPI-dependent Golgi Vesicles
Our main conclusion is that peri-Golgi vesicles are deprived of Golgi enzymes. This conclusion is in agreement with the exclusion of ManII from peri-Golgi round profiles described by Orci and colleagues (Cosson et al., 2002) , but at variance with the earlier data of Martinez-Menarguez et al. (2001) . The latter study showed an enrichment of ManII in COPcoated peri-Golgi round profiles, which were assumed to represent peri-Golgi vesicles. However, the presence of a COPI-like coat, which was used by Martinez-Menarguez et al. (2001) , is not a specific feature of COPI-dependent peri-Golgi vesicles ( Figure 1A) . A COPI-like coat is found mostly on the rims of Golgi cisternae, and especially on rims where adjacent perforations are found, and on tangential tubules emanating from a single cisterna (Weidman et al., 1993; this study) , rather than on 50-to 60-nm vesicles. Moreover, Golgi-derived tubules are labeled for COPI (Rojo et al., 1997; this study) . Furthermore, COPIcoated buds can occur as round profiles during sectioning. Although we have confirmed that under specific experimental conditions, peri-Golgi round profiles can be enriched in ManII (Table 1 and Figure 7C ), our 3D analyses clearly show that round profiles rich in Golgi enzymes represent cross sections of peri-Golgi tubules and perforated zones of cisternae. In contrast, actual vesicles are depleted of Golgi enzymes. Finally, we have confirmed that COPI vesicles formed under cell-free assay conditions also are depleted of ManII. At the same time, the differences we see between ManII-FP in COS7 cells and endogenous ManII in NRK cells could be due to the higher levels of ManII-FP expression, because this can affect the level of its depletion from buds and vesicles, and can induce a higher level of Golgi tubulation (unpublished observations) and thus an enrichment of tubule cross sections (containing a higher density of ManII-FP) in the round profiles.
What then is the mechanism responsible for the exclusion of Golgi enzymes from COPI-dependent vesicles? It seems unlikely that an interaction between COPI and Golgi enzymes participates in this process (Dominguez et al., 1998) . A more likely scenario would involve the oligomerization of Golgi enzymes within the cisternal domains of the Golgi, e.g., either self-aggregation due to low pH, or oligomerization driven by the association with cargo during glycosylation. Large oligomers may not be able to be included in highly curved (with double-axial curvature) COPI-coated domains and vesicles. In an earlier study, we showed that small cargo proteins and large protein aggregates can traverse the Golgi by a common mechanism without entering peri-Golgi vesicles (Mironov et al., 2001) . Both cargo proteins and Golgi enzymes could be excluded from peri-Golgi vesicles by the same mechanism. More work is needed to elucidate the mechanisms by which Golgi enzymes, and probably most cargo proteins, are excluded from COPI vesicles. ( Trucco et al., 2004) also could serve as a working hypothesis of intra-Golgi transport. This implies that ER-derived transport carriers initially fuse with the cis-Golgi compartment. Then, the cargo domain fuses with the medial-Golgi, apparently triggering the physical separation of the cargo domain from the cis-Golgi. The subsequent fusion between the cargo-containing domain and the trans-Golgi compartment would induce separation of the cargo domain from the medial-Golgi. Thus, the same sequence of events (fusion, mixing, and resegregation) occur at each transfer step, with the intercisternal connections potentially serving for the fast diffusion of small soluble cargo through the Golgi.
